Abstract Technology roadmap is a powerful tool that considers relationships of technology, product and market and referred as a supporting technology strategy and planning. There are numerous studies that have attempted to develop technology roadmap and case studies on specific technology areas. However, a number of studies have been dependant on brainstorming and discussion of expert group, delphi technique as qualitative analysis rather than systemic and quantitative analysis. To overcome the limitation, patent analysis considered as quite quantitative analysis is employed in this paper. Therefore, this paper proposes new technology roadmapping based on patent citation network considering technology life cycle and suggests planning for undeveloped technology but considered as promising. At first, patent data and citation information are collected and patent citation network is developed on the basis of collected patent information. Secondly, we investigate a stage of technology in the life cycle by considering patent application year and the technology life cycle, and duration of technology development is estimated. In addition, subsequent technologies are grouped as nodes of a super-level technology to show the evolution of the technology for the period. Finally, a technology roadmap is drawn by linking these technology nodes in a technology layer and estimating the duration of development time. Based on technology roadmap, technology planning is conducted to identify undeveloped technology through text mining and this paper suggests characteristics of technology that needs to be developed in the future. In order to illustrate the process of the proposed approach, technology for hydrogen storage is selected in this paper. 
Introduction
In recent years, technology development has been rapidly accelerated and life cycle of technology and product has been gradually shortened. Moreover, investment to research and development(R&D) activities has been quantitatively enlarged and efficiency of investment has been needed to be qualitatively improved because big successes on new technology and product make a huge profit. In this perspective, the importance of strategic technology planning is magnified and thus, technology roadmap is shed light on effective technology planning. Technology roadmap has great potentials for supporting the development and implementation of integrated strategic business considering relationships of technology, product and market [1] . It is widely used to support technology strategy and planning and adapted in a variety of industry [2] .
Most studies have dealt with methods for developing technology roadmap and case studies in specific technology areas. In terms of roadmapping, most of previous researches have been dependent on qualitative analysis such as brainstorming and discussion of expert group or Delphi technique. It is considered a limitation of technology roadmapping. To overcome, patent analysis that is viewed as quite quantitative analysis is employed in this paper. Patent is referred as an ample sources of technological and economical knowledge [3] . For this reason, patent analysis makes it possible to easily acquire technology information and assess technology. Basic concepts and overall process are explained briefly and then a methodology to develop patent citation network and technology roadmap for technology planning is described in detail in section Ⅲ. In order to illustrate the proposed approach, the case of hydrogen energy storage technology is studied in section Ⅳ, and conclusions from our research and suggests directions for future studies in section Ⅴ.
Background

Technology roadmap
Technology roadmap explores and communicates the dynamic linkages between technological resources, organizational objectives and the changing environment.
In this perspective, it is considered a powerful technique for supporting technology strategy and planning [4, 5] .
In particular, technology roadmap is helpful to firms because it enables firms to identify and acquire core technologies in advance, and to share technological goals and strategies in support of its long term and strategic R&D planning [6] . Technology roadmap has a various type so that it can be customized to firms and organization for their strategic purposes. For example, a patent and service-oriented layer are added to existing technology roadmap, proposing an objective and systematic framework for devising R&D strategy of the service industry [7] .
However, most of technology roadmap is basically a time-based graphical chart and is on the basis of several layers: commonly technology, product, market-nodes and links. Previous studies focused on developing technology roadmap by using qualitative analysis such as Delphi [8] , brainstorming and environmental scanning [9] or dealt with case studies in specific technology areas [10, 11] . Recently, several researches have been shed new light on application possibilities of technology roadmap [6] .
Patent analysis
Patent is regarded a vital element for analyzing about technology and also referred as output of all kinds of science and technology. Analyzing patent information provides relevant information on the competitor's strategies and helps to assess the competitive potential of technologies. In addition, it is utilized to identify and assess options for the external generation of technological knowledge and also used for storing relevant knowledge as a core element of knowledge management [12] .
In recent years, numerous studies have attempted to investigate patent indicators for appropriate technology life cycle development [13] and to realize life cycle of technology by employing patent statistics like the number of application and cumulative frequency of patents [14] .
Patent citations are described as the number of citations of a patent in subsequent patent and can identify the impact of technology development and technological innovation [15] . Patent citation analysis examines citation links among different patents, and between patents and scientific literatures [16] . In the perspective of patent analysis, individual patents are presented as nodes and citation relationships between patents as arcs between nodes on the patent citation network.
Text mining
Data mining represents a group of algorithmic techniques which assist in detecting patterns within structured database. It is well-known as knowledge discovery from a database, however, has a limitation that is difficult to deal with a large amount of unstructured textual documents [17] . To overcome the limitations of data mining, the concept of text mining appeared. Text mining is a type of data mining related to disclosure of patterns from collections of unstructured text and applied in strategic business and patent analysis [18] . Through text mining, analyzers can find implicit, previously unknown, and potential useful patterns in a large text repository [17] .
There are a lot of studies on feature extraction that identify and extract important keyword by using text mining or measure similarity between patents [3] and keyword vector. In this paper, text mining is used as information-extracting tool for technology planning. 
Research Framework
Overall process
The overall process of conducting technology roadmap Generally, the structure of a normal patent citation network focuses on just the linkage of nodes, the network for technology roadmapping should include on more dimension -time -because one of the most important factors in roadmapping is time. Every nodes are arranged from left to right in the chronological order so that patent evolution is produced. can be separated into growth and maturity. Finally, if the moving average is higher than 0 and lower than a cut-off value, showing decreasing trend, the technology is in the "decline" stage.
Determining the duration of development
According to the life cycle interval that is divided using the inner citation proportion and moving average method, maturity of technology and duration of technology development need to be estimated during this phase. The technology life cycle of patent is investigated to predict the duration of technology development.
Comparing the current point of technology development at the selected technology life cycle with the time point of the existing patent application, the duration of technology development can be estimated. By utilizing the patent life cycle, the technology life cycle and the duration of technology development is forecasted. However, this approach is hard to apply to plan technology development after current patent application because the proposed method utilizes patent information and patent application is ascertained through long-term planning. Fig. 3 shows the mechanism to determine technology development duration through roadmapping.
[ Fig. 3 ] The mechanism to determine duration of technology development
Grouping patents
Patents on the network need to be grouped by cluster analysis to draw up nodes in the technology roadmap. The groups of patents can be used to devise important technologies and links among them (nodes in the technology layer). Though there are many methods for grouping, the average similarities between all pairs is applied to group patents by using UCINET in this research. In particular, clusters that are composed of only one patent may emerge when patents are grouped through cluster analysis and need to be filtered out. A definitive cluster, which means a grouped and filtered-out cluster, consists of connected nodes on a technology roadmap that are named after keywords and features that stand for individual clusters. 
Developing a technology roadmap
Technology planning
Technology nodes on technology roadmap developed at previous step are categorized three types, which are (1) developed technology in the past, (2) 
Results
Data
In order to illustrate the proposed method, the storage for hydrogen energy-related technology is chosen. A hydrogen energy system is mainly separated production, delivery, storage, conversion and end-use applications, that are closely interrelated and interdependent [19] .
Among those, hydrogen storage-related technology such as method for storage, the components of hydrogen devices become considered as critical because it is difficult to store hydrogen at any container or using storage method. In this study, 427 hydrogen storage related-patents applied from 1972 to 2010 are collected from USPTO database. For retrieving relevant patents, 'hydrogen storage' is utilized as the searching query.
Development of patent citation network
As shown in Fig. 4 , a patent citation network based on patent information is developed in the chronological order. Each patent is depicted nodes at patent citation network and citation relationships are denoted arcs between nodes at patent network. In this paper, patents that are relevant to core technology of hydrogen storage 
Development of technology roadmap
Generally, technology roadmap is composed of three layer -technology, product, and market. However, the proposed roadmap consists of two layer -technology and patent citation network. In order to connect the patent citation network layer and technology layer, patents on the network were grouped by hierarchical clustering analysis and were derived 16 clusters on the basis of the citation network. Even though a number of clusters were extracted because of much patent data, clusters were composed only one patent, which means that there are no relationships between patents, are filtered out. Then, keywords that are able to stand for each cluster were extracted in the 'abstract' part of patent documents. The portion of grouping patent and keywords representing each cluster is able to be identified in Table 2 .
The title of technology nodes on the technology roadmap is needed to be defined, considering characteristics of individual clusters, thus, it was entitled by keywords representing each group of patents. For instance, cluster 5 contains "hydrogen storage", "storage materials" and "metal hydride", and the title of node is named "Metal-hydride hydrogen storage system".
Definitive title of nodes on a technology roadmap will be shown as Table 3 . 
Technology planning
Among technology nodes, a "Hydrogen storage using carbon materials" node is chosen to design because it has been developed since 1997 and consistently developing at this time. Patents corresponding "Hydrogen storage using carbon materials" were classified as developed and undeveloped. Through text mining about undeveloped patents, 10 keywords that have the criteria of word and compound were extracted in the order of frequency.
Consequently, as presented in Table 5 , technology development for hydrogen storage will be concentrated on using carbon materials and nanostructured elements. 
Conclusions
The main objective of a proposed approach is to Yoon that just drew a technology roadmap [22] . 
